Influenza and the innate immune system {#sec1}
======================================

The functions of the innate immune system, which are crucial for life, depend on its ability to detect the presence of microorganisms or of tissue damage by means of dedicated receptors. The genes encoding for these receptors are present in the germline and are not recombined in somatic cells. This is at variance with the genes encoding for immunoglobulins or T cell receptors, which are formed by rearrangements occurring in lymphocyte precursor cells and function as receptors in adaptative immune responses [@bib1]. Activation of the innate immune system can have both protective and detrimental effects during influenza. Innate responses are the only weapons that the host can use to prevent or slow down viral replication early during infection, because influenza selectively affects people lacking protective antibodies as a result of mutations of the infecting viral strain [@bib2]. At least 5 days are required after exposure to the virus before adaptative immunity comes into place by producing specific T lymphocytes and antibodies [@bib3]. These first few days are critical in the development of the disease and, without a vigilant system capable of immediately detecting the presence of the pathogen, the virus would spread from the initial focus in the upper respiratory tract to the lower airways and deeper tissues, thereby directly impairing respiratory functions and threatening the life of the host. A vigorous innate response is required not only to mount immediate defensive responses, but also to trigger the subsequent production of antibodies and T cells. Despite their fundamentally protective role, innate responses account for many of the pathological manifestations of influenza and can induce collateral damage to the host. This is particularly evident in life-threatening infections with highly virulent viral strains, such as some pandemic or avian strains, which are often associated with high-level cytokine production and pneumonia [@bib4], [@bib5]. Hypervirulent strains are able to overcome host defences in the upper airways and reach the alveolar space, where inflammatory reactions can disrupt alveolar surface tension causing fluid accumulation and respiratory failure. The resulting clinical condition, which is designated as primary influenza virus pneumonia, can show the clinical, radiologic and pathologic features of the acute respiratory distress syndrome [@bib6].

A primary objective of current influenza research is to understand the mechanisms underlying this dual role of the innate immune system and to ascertain whether the defensive responses can be separated from the excessive inflammatory reactions causing morbidity and lethality. One fundamental question in immunology, which goes beyond the influenza field, is whether pathogen clearance can be accomplished without collateral damage in the presence of substantial infection. This question has of course important practical implications, including the possible use of immunosuppressive or anti-inflammatory measures in influenza therapy [@bib7]. In the case of influenza, one needs to consider not only the innate responses induced by the causative agent itself, but also those directed against the bacterial pathogens that often act as opportunistic invaders and cause secondary bacterial pneumonia. These bacteria are the main proximal cause of the severe illness and the high lethality rates observed during some influenza pandemics, such as the 1918 "Spanish" flu. Priming of the innate immune system, as it occurs during infection with the influenza virus, can deeply alter subsequent response to different stimuli, such as those represented by secondary pathogens. This can occur through a variety of mechanisms and both desensitization (tolerance) and sensitization (training) of the system have been described [@bib8]. Therefore, the extent to which influenza virus infection alters host responses against secondary bacterial invaders must also be carefully considered. This topic has been recently reviewed [@bib9] and will not be further discussed here.

Innate immunity modules {#sec2}
=======================

The innate immune responses occurring during influenza can be described as sequentially involving interactions between virions and mucosal secretions, infection of epithelial cells and activation of other resident cell types located in the epithelial or sub-epithelial layers. These include "innate" lymphoid cells, resident macrophages (including alveolar macrophages) and dendritic cells. At later times, other cell types, such as polymorphonuclear leukocytes and monocytes come into play, after being recruited to the infection sites from the blood.

Each of these cell types displays a different set of receptors, which are capable of sensing the presence of the virus and of activating specific defensive functions. Moreover, the receptors are strategically located in various subcellular compartments, such as the cell membrane, the endosomal system, the cytosol and mitochondria. Such an arrangement enables the host to mount defences that are tailored to the invading pathogen and take into account its tissue tropism, intracellular life style and reproductive strategy [@bib10]. Thus, in the case of influenza and other infections, innate responses can be conveniently divided into modules, each involving different cell types, receptors, effector molecules and intracellular compartments [@bib11]. Module components relevant to influenza infection include: 1) soluble extracellular proteins present body fluids; 2) the interferon system; 3) different types of cytokines and chemokines capable of orchestrating the innate response; 4) phagocytosis by macrophages and neutrophils; 5) antigen presentation by dendritic cells. Responses occurring in epithelial cells during influenza infection [@bib12] and the role of extracellular components (including collectins, acute phase proteins and complement components) have been recently reviewed [@bib13] and will not be considered here in depth.

Recognition of influenza virus {#sec3}
==============================

The innate immune system is the product of an ancient evolutionary strategy based on the detection of highly conserved microbial components, often called pathogen-associated molecular patterns (PAMPs). Viral RNA, in various forms, is the main PAMP targeted by the system to detect the presence of influenza virus. An important role is also played by the recognition of host products designated as damage-associated molecular patterns (DAMPs) released as a consequence of virus-induced cell lysis. Receptors capable of recognizing the presence of viral products are in the category of pattern recognition receptors (PRRs), which overlap partially with damage recognition receptors (DRR). Once activated, PRRs lead to the secretion of a number of effector molecules that trigger inflammation. These mediators include lipids, such as leukotrienes and prostaglandins, pro-inflammatory cytokines, chemokines and type I interferons [@bib14], [@bib15]. Lipid mediators and pro-inflammatory cytokines, which are produced locally and can also act systemically, cause inflammation, fever and malaise, while chemokines recruit additional cells involved in host defences including myeloid cells (e.g neutrophils and monocytes) and lymphoid cells (e.g. natural killer, or NK cells, T and B cells). A prominent role in host defences is played by NK cells, which kill virus-infected cells, thereby blocking viral replication [@bib16]. Phagocytic inflammatory cells, as well as resident alveolar macrophages, are also important in viral clearance, due to their ability to ingest and destroy infected cells [@bib17].

Three groups of PRRs mediate recognition of PAMPs or DAMPs relevant to influenza infection: 1) Toll-like receptors (TLRs); 2) RIG-I-like receptors (RLRs); 3) NOD-like receptors (NLRs). TLR3 detects the presence of double-stranded RNA (dsRNA), while TLR7 and TLR8 sense single-stranded RNA (ssRNA) and RIG-I specifically recognizes 5′-triphosphate RNA. NLRs, such as NLRP3 (standing for NOD-, LRR- and pyrin domain-containing 3), are also able to directly recognize viral products and DAMPs, leading to the formation of large multiprotein complexes called inflammasomes. The availability of mice lacking single receptors or downstream signal transduction components has greatly contributed to our understanding of innate immune sensing and signalling. By using these models, it is possible to analyse the severity of infection induced by murine-adapted strains of influenza A virus (IAV), as well as disease outcome and pathology, in the absence of specific host factors. Further information can be gained by observing the outcome of influenza in patients with genetic defects in these factors.

TLRs {#sec4}
====

TLR3, 7 and 8 are predominantly located in internal cell membranes, with the exception of respiratory and intestinal epithelial cells that can express TLR3 also on the plasma membrane \[[Fig. 1](#fig1){ref-type="fig"}\]. These TLRs have a crucial role in the recognition of RNA viruses that, like IAV, enter cells through receptor-mediated endocytosis. In resting cells, these receptors are present in the endoplasmic reticulum, bound to the chaperone protein UNC93B. Upon cell activation by a variety of stimuli, including receptor-mediated endocytosis, nucleic acid-sensing TLRs are moved to the endosomes [@bib18]. This occurs in different steps, involving trafficking to the Golgi apparatus and to early endosomes, which mature into late endosomes and can fuse with lysosomes. Nucleic acid recognition likely occurs in acidified late endosomes or endolysosomes, where full-length, inactive TLRs are cleaved by acid proteases into active and more stable forms [@bib19]. Thus, endosomal acidification and proteolytic cleavage are essential for TLR signaling.Fig. 1Condensed summary of signal transduction pathways activated by TLR3 and TLR7 in cells infected with the influenza virus. After cell entry, the influenza virus is initially found inside endosomes where its genome, consisting of 5′ tri-phosphorylated ssRNA segments, can be recognized by Toll-like receptors 3 and 7 (TLR3/7). TLR7 signalling induces, *via* the myeloid differentiation primary response 88 (MyD88) adaptor protein and other signalling intermediates, the activation of the transcription factors nuclear factor-κB (NF-κB) and interferon regulatory factors 1, 3 and 7 (IRF1/3/7). NF-κB activates the transcription of pro-inflammatory cytokine genes, such as pro-interleukin1-beta (IL-1β) and tumor necrosis factor-alpha (TNF-α), while the IRFs induce type I interferons (IFN-α and IFN-β) and some interferon-stimulated genes (ISG). TLR3 activates IRF3 *via* the adaptor TRIF (TIR-domain-containing adapter-inducing interferon-β). Viral RNA is recognized in the cytosol by retinoic acid-inducible gene-I (RIG-I), which, leads to the induction of IFN-β and ISG *via* the mitochondrial antiviral signaling (MAVS) protein and IRF3. Abbreviation: Viral NP: viral nucleoprotein.Fig. 1

TLR3 is expressed in the endosomes of all cells of the innate immune system, with the exceptions of plasmacytoid dendritic cells (pDCs) and neutrophils [@bib20]. Moreover, TLR3 is expressed both on the surface and in the endosomes of bronchial and alveolar epithelial cells. TLR3 differs from other TLRs in using only TRIF (TIR-domain-containing adaptor protein-inducing IFN-β) as an adaptor for signal transduction \[[Fig. 1](#fig1){ref-type="fig"}\]. The TRIF-dependent pathway leads to the induction of proinflammatory cytokines and type I IFN mainly through the activation of, respectively, NF-κB and IRF3 (or IFN regulatory factor 3) [@bib21]. TLR3 recognizes the dsRNA synthetic analog poly I:C, and, in addition, various forms of double-stranded RNA (dsRNA) that can form during viral infection, including: 1) genomic material of dsRNA virus, such as reovirus; 2) dsRNA transcription intermediates of complex DNA virus, such as herpes viruses; 3) dsRNA replication intermediates of positive strand RNA viruses, such as picornavirus and flavivirus; 4) self dsRNA structures that form in damaged cells; 5) miRNA and siRNA complexes. Although TLR3 is involved in host responses to IAV, the exact structure(s) recognized by this receptor are not entirely clear. TLR3 should be unable to recognize the bulk of influenza virus genomic RNA, which consists of segmented ssRNA [@bib22], [@bib23], [@bib24], [@bib25]. Moreover, dsRNA replication intermediates are believed to be rapidly destroyed by cellular RNA helicases, such as UAP 56, in IAV-infected cells [@bib23], [@bib24]. Accordingly, Weber et al. were unable to detect dsRNA by immunofluorescence in IAV-infected cells [@bib25]. However, recent studies using more sensitive monoclonal antibodies have shown that dsRNA is indeed present in both the cytoplasm and the nucleus of IAV-infected cells [@bib22]. Interestingly, protease pretreatment was necessary to detect dsRNA in the nucleus, suggesting that dsRNA binding proteins (viral nucleocapsid proteins?) block dsRNA exposure in this compartment. In addition, *in vitro* infection of epithelial cells with IAV readily triggers TLR-3 dependent proinflammatory cytokine production [@bib26]. It is conceivable that TLR3 recognizes the double stranded structures formed by short complementary sequences at the 5′- and 3′-ends of each segment. Moreover, self dsRNA structures forming in damaged cells may also come into contact with endosomal TLR3 in resident or recruited macrophages, which actively phagocytose dying and apoptotic cells [@bib27]. TLR3 is likely to play an important role in anti-IAV innate host defences, since *Tlr3*^−/−^ mice display higher viral burden in experimental infections, compared with wild-type mice [@bib28], [@bib29]. However, TLR3 signalling may also contribute to pathology since *Tlr3*^−/−^ mice survive longer under these conditions [@bib28], [@bib30]. These mice generate normal CD8^+^ and CD4^+^ T cell responses, suggesting that TLR3 is not required for the initiation of adaptative immune responses to IAV [@bib31].

Human TLR7, which is expressed in the endosomes of bronchial epithelial cells, can sense the presence of the IAV genome in these structures after viral entry through receptor-mediated endocytosis [@bib32]. Endosome acidification is required for both maturation of the receptor and for freeing the genome from the viral core. Specifically, the low endosomal pH activates the M2 viral protein, which functions as a proton channel and acidifies the viral core, promoting dissociation of the M1-nucleoprotein complex [@bib33], [@bib34]. Signals originating from TLR7 and 8 are transduced by the adaptor MyD88, resulting in the activation NF-κB and of IFN-regulatory factors (IRF), which differ in different cell types \[[Fig. 1](#fig1){ref-type="fig"}\]. Stimulation of TLR7 in primary bronchial, but not alveolar, epithelial cells resulted in the release of IL-6 and type III IFN [@bib32]. Plasmacytoid dendritic cells (pDCs), which express TLR7 and TLR8, are recruited to the lung during influenza and produce high amounts of type I IFN by virtue of their high-level, constitutive expression of IRF-7 [@bib35].

TLR7/TLR3 double-deficient or MyD88-deficient mice showed limited ability to restrict IAV replication and were highly susceptible to infection [@bib29]. However, in a different study, TLR7 or MyD88 deficiency was not associated with increased susceptibility to infection [@bib28]. The apparent discrepancies of these studies can be reconciled by taking into account the fact that most of the standard laboratory mouse strains (including the C57BL/6 mice commonly used in studies of this kind) lack functional myxovirus resistance protein 1 (MX1), an important IFN-induced anti-viral factor. Indeed, in an elegant study using MX1 sufficient mice (i.e. strain B6.A2G-Mx1), TLR7 and MyD88 had an essential role in promoting host defences against the highly virulent SC35M H7N7IAV strain and this effect was mediated by pDC, which produce high levels of type I IFN after TLR7 stimulation [@bib36]. TLR7 is also required for generation of B cell germinal centers and of robust memory antibody responses [@bib37]. TLR8 is expressed by human monocytes, macrophages and conventional dendritic cells, but its functional role during influenza infection is presently unclear.

In summary, RNA-sensing TLRs play a crucial role in host defences against IAV by inducing an IFN-dependent antiviral state. Moreover, TLR7 activation promotes the induction of memory B cell responses. Although their protective role seems clearly predominant, these TLRs might also have the potential of inducing detrimental hyper-inflammatory reactions in the context of rapidly lethal, overwhelming infections.

RLRs {#sec5}
====

The presence of influenza virus in the cytosol of infected cells can be detected by specialized RNA receptors belonging to the RLR family. Among these, RIG-I is perhaps the most important in terms of IAV recognition. This receptor is constitutively expressed by a number of cells, including epithelial cells, macrophages and conventional dendritic cells and is upregulated during viral infection. RIG-I recognizes the 5′-triphosphate RNA promoter region of intact genomic segments or shorter fragments [@bib24], [@bib38], [@bib39], [@bib40]. The "panhandle" double stranded structure formed *in vitro* by complementary sequences of the promoter is apparently sufficient for RIG activation. Moreover, the degree of complementarity in this region is proportional to its ability to activate the sensor. In infected cells, RIG-I interacts with genomic ssRNA bearing 5′-triphosphates, but not with non-genomic viral transcripts, replication intermediates or cleaved self-RNA [@bib39]. Moreover, RIG-I preferentially associates with shorter viral RNA molecules or subgenomic defective interfering particles [@bib40]. Interactions between RIG-I and viral nucleoprotein were recently found to occur at the level of antiviral stress granules \[[Fig. 2](#fig2){ref-type="fig"}\], in which protein kinase R (PKR), an interferon stimulated gene (ISG), also co-localizes [@bib41]. Notably, PKR promotes granule formation and the viral NS1 protein can interfere with this activity. The RIG-I helicase domain binds to ATP upon interaction with viral RNA, and RIG-I then forms a complex with the mitochondrial antiviral signalling protein (MAVS) through its caspase-recruitment domains [@bib42], [@bib43]. MAVS signalling leads to efficient induction of type I IFN and of pro-inflammatory cytokines *via* activation of, respectively, IRF3 and NF-κB. Mice that are deficient in MAVS have similar viral loads and survival rates to wild-type mice when challenged with a lethal dose of influenza virus [@bib44]. Moreover MAVS-deficient mice are not impaired in their ability to restrict viral growth and to activate the adaptative immune systems. Again, the results of these studies should be interpreted with caution since they were conducted in MX1-defective mouse strains. Mice lacking RIG-I are unable to clear IAV infection as efficiently as wild-type mice [@bib45]. Melanoma Differentiation-Associated protein 5 (MDA5), another member of the RLR family of dsRNA helicases, might also be involved in IAV sensing and play a role in host defences [@bib46].Fig. 2Intracellular pathways activated by the interferon system. The three types of interferon (IFN) are recognized by different receptors and activate partially overlapping signalling pathways. Abbreviations: IFNAR: IFN-α/β receptor; IFNLR: IFN-λ receptor; IFNGR: IFN−γ receptor; STAT: signal transducer and activator of transcription protein; ISRE: interferon-stimulated response element; GAS: gamma interferon activation site; PKR: serine--threonine kinase protein kinase R; mx: myxovirus resistance protein; IRF-7: interferon regulator factor-7; IFITM3: interferon-induced transmembrane protein 3; IP-10: interferon gamma-induced protein 10; MIG: monokine induced by interferon gamma, also known as CXCL9; viral NS1: viral non-structural protein 1 (NS1); RIG-I: retinoic acid-inducible gene-I; viral NP: viral nucleoprotein.Fig. 2

The interferon system {#sec6}
=====================

The interferon system is perhaps the most important weapon in host defences against influenza virus (for a review see ref. n. [@bib13]). This system includes three types of interferons (IFNs), namely type I (which consists of many subtypes, including IFN-α and β), type II (IFN-γ) and type III (IFN-λ) IFNs. Members of each IFN type bind to a specific receptor (IFNAR, IFNGR and IFNLR, respectively) and this accounts for their different functional properties \[[Fig. 2](#fig2){ref-type="fig"}\]. Indeed, each IFN type induces a partially overlapping, but distinctive, set of genes. The biological activities of the various IFN types have been recently reviewed [@bib47], [@bib48]. In epithelial cells, similar genes are activated by type I and III IFNs, and lack of IFNAR or IFNLR only can be compensated for by the other receptor [@bib49]. Type I and III IFNs apparently play an equally important role in the induction of anti-viral genes in epithelial cells, but not in other cell types, in which the effects of type I IFN predominate. IFN-α and IFN-β are secreted by a large variety of cells, including epithelial cells, macrophages, dendritic cells (DC) and plasmacytoid DCs [@bib14], [@bib15], [@bib50]. Respiratory epithelial cells are important sources of IFN-β early during influenza infection, while pDC come into action at later times by releasing high amounts of IFN-α and IFN-β [@bib15]. Virus-infected cells secrete IFN-α and IFN-β which activate IFNAR receptors present on the surface of the producing cells (autocrinous activity) or nearby cells (paracrinous activity), in which they induce the expression of hundreds IFN-stimulated genes (ISGs). ISGs products are ultimately responsible for the induction of a cell-intrinsic anti-viral state that dramatically reduces viral spread from the initial site of infection. In addition, type I IFNs potently activate natural killer cells (NK), which kill virus-infected cells and produce IFN-γ. Absence of IFN signalling results in systemic viral dissemination and in accelerated lethality in mouse models of influenza infection [@bib51].

When given prophylactically, type I IFN reduces IAV replication and disease severity in both animals [@bib52] and humans [@bib53]. Therapeutic administration, however, is ineffective in animal models and may actually increase lethality despite a reduction in lung IAV titers [@bib52]. This effect is likely related to the induction of epithelial cell death, secondary to the pro-apoptotic effects of type I IFN. Apoptosis is at least in part mediated by IFN-induced upregulation of death receptor 5 (DR5), which functions as a receptor for TNF-related apoptosis-inducing ligand (TRAIL) in lung pneumocytes [@bib54].

Not surprisingly, influenza viruses have developed efficient mechanisms to reduce IFN production and to counteract its effects. The NS1 protein of influenza viruses inhibits IFN-β production by blocking RIG-I mediated viral recognition and maturation of IFN-β gene and ISG transcripts in the nucleus [@bib55]. Genetic deletion of NS1 results in increased IFN production, increased expression of ISGs and decreased viral growth [@bib15]. Interestingly, the NS1 protein produced by the virus responsible for the 1918 pandemic is particularly potent at inhibiting IFN production, which may explain the extreme virulence of this strain. Microscopic observations show that RIG-I co-localizes in cytoplasmic microdomains with genomic and subgenomic 5′-triphosphate ssRNA, which represents its cognate PAMP [@bib38], and with NS1 [@bib38], [@bib41].

Studies in mice have indicated an important role of the serine--threonine kinase protein kinase R (PKR), an ISG product, in controlling viral replication [@bib56]. PKR is present in the cytosol in an inactive state at low levels, which increase dramatically after IFN signalling. Binding to viral nucleic acids triggers the latent serine/threonine kinase activity of the protein and results in phosphorylation of the alpha subunit of the eukaryotic translation initiation factor 2 (eIF2a). This event blocks the translation of viral and cellular mRNAs and markedly inhibits viral growth [@bib57]. In addition, PKR inhibits viral growth by promoting autophagy and apoptosis of infected cells [@bib58]. PKR is activated by the 5′-triphosphate-dsRNA structures present in viral ribonuclear protein complexes exported from the nucleus into the cytosol at late stages during cell infection [@bib57].

In addition to PKR, a number of other ISG products, such as the IFITM and MX proteins, are believed to mediate the antiviral activities of the IFN system. For example, the IFITM proteins block virus entry into the cytosol by inhibiting fusion between viral and host membranes in the endosomes that form after virus attachment and endocytosis [@bib59]. A crucial role for IFITM3 in anti-IAV defences is suggested by observations that mice lacking this protein are hypersusceptible to infection [@bib60]. In addition, human MXA and mouse MX1 can potently inhibit IAV replication [@bib61]. MX1 (or myxovirus resistance protein 1) is a dynamin-like nuclear guanosine triphosphatase that impairs primary transcription of the IAV genome. It should be noted that most standard inbred mouse strains, including C57BL6, lack functional MX1 and/or MX2 proteins [@bib62] and are much more susceptible to influenza infection than MX1-sufficient mice. As mentioned above, this feature should be taken into account when interpreting the results of studies involving targeted mutations, which are commonly performed in mouse strains with spontaneous mutations in the MX proteins. *Mx1*-sufficient mice, such as MX1 congenic mice on the C57BL/6 background, are highly resistant to IAV infection. These mice provide a useful model to study the role of the main innate immune receptors in anti-influenza host defences. For example, *Mx1*-sufficient, *Tlr7*^*−/−*^*× Mavs*^*−/−*^ double-deficient, mice were unable to mount robust IFN-β responses, lost MX1 expression and rapidly died after influenza infection [@bib63]. These mice might mimic the situation observed in elderly humans showing a selective impairment in IFN-β responses to influenza and other viral infections [@bib63]. Moreover, similar to older human adults, these double-deficient mice undergo severe endogenous bacterial infections secondary to IAV-induced tissue damage. Collectively these data suggest that an age-related impairment in type I IFN responses could predispose the elderly to secondary bacterial pneumonitis after influenza infection.

Proinflammatory cytokines and inflammasomes {#sec7}
===========================================

Activation of the transcription factor NF-κB by various classes of PRRs induces the expression of proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), and interleukin 1 beta (IL-1β), and of chemokines, which mediate the influx of inflammatory cells and proteins into the infection site. Signalling by TNF-α and IL-1 family members is involved in an amplification loop, which results in further NF-κB activation and production of proinflammatory mediators. The inflammasomes are cytosolic multimeric protein complexes that play a crucial role in these processes by triggering the release of mature forms of IL-1β and IL-18 and by inducing an inflammatory form of cell death named pyroptosis [@bib64], [@bib65]. These phenomena are mediated by activation of the caspase-1/8 and gasdermin D proteins after two different types of signals are transduced inside the cell. Signal 1 leads to NF-κB-mediated expression of inflammasome components and inactive precursors of proinflammatory cytokines, such as pro-IL-1β and pro-IL-18. Signal 2 involves the activation of cytosolic sensors, such as NLRP3 (NACHT, LRR and PYD domains-containing Protein 3), AIM2 (Absent In Melanoma 2) and RIG-I [@bib65], in response to microbial PAMPs or to products of host cell damage. This results in the formation of multimolecular complexes, caspase-1/8/11 activation, cytokine maturation and pyroptosis. Various inflammasomes contain the adaptor protein ASC that functions as scaffold for caspase-1 recruitment.

An important role of the NLRP3 inflammasome in anti-IAV host defences is suggested by studies in mice with genetic defects in NLRP3, ASC or caspase-1, which all show increased susceptibility to infection with the PR8 IAV strain in association with reduced lung inflammation, cell influx and cytokine production [@bib23], [@bib66]. In contrast, in a other study, NLRP3 or caspase 1/11-deficient mice were protected from lethal infection with the highly virulent H7N9 avian virus, compared with wild-type mice [@bib67]. These apparent discrepancies can be reconciled by taking into account differences in the viral strains used for challenge and in the accompanying severity of infection. In fact, these studies indicate that the NLRP3 inflammasome has a protective role during mild IAV infection, while, at the same time, mediates the severe pathological manifestations observed after challenge with highly virulent strains. Several stimuli can activate NLRP3 in myeloid cells during IAV infection. Changes in mitochondrial membrane potential, such as those occurring after the PRR-induced "respiratory burst", favour direct interactions of NLRP3 with mitofusin 2, a mitochondrial outer membrane protein, resulting in inflammasome assembly [@bib68], [@bib69]. Moreover, the large molecular weight complexes of the viral protein PB-F2 that can be found in virus-infected cells can readily activate NLRP3 inflammasome formation [@bib70]. The PB1-F2 protein is a virulence factor expressed by pathogenic IAV strains, including the pandemic 1918 H1N1, 1957 H2N2 and 1968 H3N2 strains, as well as the PR8 H1N1 and avian strains. Therefore, it is possible that PB1-F2 is at least partially responsible for the hyperinflammatory response observed during infection with virulent strains. Inflammasome activation can also be induced by the proton fluxes generated in the trans-Golgi network by the viral matrix 2 (M2) protein and can be inhibited by amantadine, an M2 blocker [@bib71].

In addition to NLRP3, other viral sensors such as RIG-I, AIM2 and the Z-DNA binding protein-1 (ZBP1, also known as DAI) have also been reported of being capable of inflammasome activation [@bib11], [@bib27], [@bib72]. The ability of RIG-I to recognize the promoter region of the influenza virus has been discussed above. In infected bronchial epithelial cells, activated RIG-I directly binds to ASC to promote inflammasome formation [@bib73]. AIM-2 can also induce ASC-dependent inflammasome activation after becoming activated by the presence of dsDNA fragments in dying infected cells. The ZBP1 sensor is capable of inducing NLRP3 inflammasome activation and cell death by activating RIP kinase 1 (RIPK1), RIPK3 and caspase-8 after binding to the IAV proteins NP and PB1 [@bib74], [@bib75].

Innate lymphoid cells and γδ T cells {#sec8}
====================================

The category of innate lymphoid cells (ILCs) includes cells of lymphoid origin (i.e. those derived from a common lymphoid progenitor and sharing similar morphology) that lack the variable, recombined, antigen-specific receptors expressed by B and T cells (e.g. immunoglobulins and T cell receptors; [@bib76]). ILCs can be further classified into the ILC1, ILC2 and ILC3 subsets, according to their major cytokine products (type 1, type 2 and type 3 cytokines, respectively) and include, in addition, conventional natural killer cells (NK), which are cytotoxic ILCs. Thus, ILCs mirror the phenotypes of T cells since NK cells, ILC1s, ILC2s, and ILC3s can be viewed as the innate counterpart (and perhaps the evolutionary precursors) of, respectively, cytotoxic CD8 T cells, Th1, Th2, and Th17 cells [@bib77]. By producing different sets of mediators, ILCs can shape the host response into one that is adapted to the initial insult. ILCs should not be confused with invariant NKT cells and γδ T cells, which express T cell receptors, but resemble ILCs in their ability to respond to innate stimuli (such as damage signals and PAMPs).

Conventional NK cells have a prominent role in anti-influenza defences by virtue of their ability to recognize virus-infected cells and kill them. Genetic deletion of NKp46, a sialylated NK recognition receptor that can bind viral HA, results in increased susceptibility to influenza in mice [@bib16], [@bib78]. The NKp44 receptor was also shown to bind viral HA [@bib79]. However, influenza viruses may escape NKp44- and NKp46-mediated recognition by expressing heavily glycosylated HA molecules [@bib79]. In addition, NK cells and ILC1s produce the anti-viral chemokine IFNγ, in response to primary cytokines, including type I IFN, IL-12 and IL-18, released in infected tissues. In the early phases of infection, ILC1s may represent an even more important source of IFN-γ compared with NK cells [@bib80]. IFN-γ may inhibit viral replication by inducing a subset of ISGs, such as IP-10, and potentiate the type I IFN response by inducing IRF1 \[[Fig. 2](#fig2){ref-type="fig"}\]. In addition, type II, as well as type I IFN, prostaglandin PGl2, corticosteroids, and testosterone, inhibit the production of IL-5 and other type 2 cytokines by ILC2s [@bib81]. Conversely, ILC2s are activated for increased mediator production by the epithelial cytokines IL-25, IL-33 and thymic stromal lymphopoietin [@bib82].

Type 2 cytokine production by activated ILC2s must be tightly controlled, since IL-5 and IL-13 can induce eosinophil recruitment, mucus overproduction and bronchoconstriction, which can be detrimental during influenza, particularly in asthma patients [@bib83]. On the other hand, ILC2s play an important role in promoting repair of the respiratory epithelium during recovery from influenza by producing amphiregulin, an epidermal growth factor-like growth factor [@bib83]. Thus, ILC2s potentially play a dual role by inducing detrimental inflammatory airway hyperresponsiveness early during infection and tissue repair in the recovery phase. Early during infection with IAV, γδT cells present in the lung produce IL-17A and IL-17F, which activate a common receptor (IL-17R). Genetic deletion of IL-17R results in amelioration of disease manifestations in influenza-infected mice, including reduced weight loss, pulmonary damage and neutrophil infiltration, without affecting viral replication [@bib84]. Similar effects are observed in mice deficient in the TNF receptor TNFR1 [@bib85]. Therefore blocking the activities of IL-17 or TNF may represent an alternative strategy to treat influenza-infected patients with the acute respiratory distress syndrome.

Neutrophils, macrophages and dendritic cells {#sec9}
============================================

Neutrophils are the predominant inflammatory cell type during IAV infection and play a crucial role in host defences. Moreover, the severity of the disease correlates with the abundance of neutrophil infiltration. For example, a frequent feature of infections caused by the 1918 pandemic virus was massive neutrophil recruitment to the lungs. Neutrophils have been described as having opposite roles in influenza. The protective effects of this cell type can be shown in experimental animal models using low viral doses as a challenge. Under these conditions, neutrophil ablation is associated with increased viral burden and disease severity [@bib86]. In contrast, neutrophils may play a detrimental role during overwhelming IAV infection and may contribute to the pathophysiological manifestation of the disease [@bib87]. The protective effects of neutrophils have been ascribed to their ability to ingest and destroy dying or apoptotic virus-infected cells. Neutrophils are ideally suited to accomplish this task since like macrophages, they do not support productive influenza virus infection. However, phagocytosis of influenza virus by neutrophils is associated with the generation of a respiratory burst [@bib88], [@bib89] and with the release of neutrophil extracellular traps (NET; [@bib87]), both of which can induce tissue damage [@bib90]. Overall, available data point to a predominantly beneficial role of neutrophils during influenza infection, due to their ability to efficiently reduce viral loads. It is conceivable, however, that, in response to rapid viral growth, high numbers of these cells are recruited to the lung were they release a plethora of extracellular factors capable of damaging surrounding tissues, including the alveolar wall. Therefore, targeting NET components or reactive oxygen species may represent a viable strategy to reduce alveolar epithelial cell leakage in cases of severe IAV infection.

Macrophages residing in the respiratory mucosa or in the alveoli come in contact with influenza viruses once they have established productive infection in the epithelial cells of the upper airways. These resident macrophages, together with epithelial and dendritic cells, produce type I IFNs, proinflammatory cytokines and chemokines capable of attracting neutrophils, monocytes and NK cells [@bib5], [@bib91]. Recruited monocytes differentiate into inflammatory macrophages, which greatly amplify cytokine production. Both macrophages and neutrophils can ingest IAV-infected cells, particularly when they are damaged or apoptotic, and have a crucial role in promoting viral clearance [@bib92]. Depletion of macrophages has been shown to result in increased viral growth in various animal models of influenza infection [@bib93].

Macrophages, neutrophils and dendritic cells are permissive to infection with IAV, resulting in the accumulation of viral RNAs and proteins in various cell compartments where these products are recognized by cytosolic and membrane PRR. Viral replication, however, is abortive and fails to result in the release of virions, due to a defect in the assembly stage [@bib94]. A possible exception is represented by avian influenza strains, which have been shown to reproduce in monocytes. Influenza viruses have developed mechanisms to impair the anti-viral activities of phagocytes and other cells of the innate immunity system. One of such mechanisms is the induction of apoptosis in macrophages by virtue of a protein, named PB1-F2, which is encoded by the PB1 polymerase gene and is produced using an alternative reading frame [@bib95]. Interestingly, the PB1-F2 protein is produced during infection with many pandemic strains and functions *in vivo* as a virulence factor [@bib95].

The main function of dendritic cells (DCs) during influenza infection is the presentation of viral antigens to naïve CD4^+^ and CD8^+^ T lymphocytes. Airway-resident DCs include CD103^−^CD11b^hi^ and CD103^+^CD11b^low^as well as CD11c^low^B220^+^ plasmacytoid DC. Both resident and monocyte-derived DC can present viral antigens after they become directly infected or after ingestion of infected cells. Antigen-loaded DCs are recruited to lymph nodes by the activity of specific chemokines (CCL19/21) acting on the CCR7 receptor expressed during maturation of DCs [@bib51], [@bib96]. Antigen can be presented to T cells in lymph nodes either directly by migrated DC or indirectly by lymph-node resident CD8α^+^DCs after transfer of MHC-peptide complexes to the latter [@bib97]. In addition to their antigen-presenting capabilities, pDC can produce high levels of type I IFN in response to viruses or endosomal TLR agonists [@bib98]. However, in experimental models of IAV infection, viral clearance was not affected by ablation of pDC [@bib99]. Moreover, these cells were not the predominant source of type I IFN, at least at early time points during infection [@bib15].

Again, as discussed above, the results of these studies should be considered with caution since they have been conducted using inbred strains lacking functional MX1, an important IFN-induced antiviral factor [@bib63].

Conclusions {#sec10}
===========

One hundred years ago the "Spanish Flu" pandemic produced devastating consequences and killed an estimated 50 million people. Although better preventive, diagnostic and therapeutic tools have been developed since then, the emergence of new and potentially highly virulent pandemic strains is a continuous and realistic threat. This is clearly documented by studies on the 2009 pandemic precursor virus, which, like the 1918 virus, persisted in swine for sufficient time to allow the rapid reassortment of viruses of human, swine and avian origin. The last two decades have witnessed dramatic progress in our understanding of innate immune responses directed against the influenza viruses. Such responses limit viral growth, promote viral clearance, induce tissue repair and trigger long-lasting adaptive immunity against the infecting strain. At the same time, most of the pathological manifestations of influenza can be explained by localized and generalized inflammatory responses that are triggered by the innate immune system after virus recognition. While control of influenza will ultimately depend on the development of a broadly protective, universal vaccine, there is presently a strong need to translate the accumulated knowledge of innate immunity into effective therapeutic measures. Drugs that target the immune response would circumvent several shortcomings of available anti-viral therapies, such as their narrow treatment windows and the development of drug resistance. For example, currently recommended M2 protein and neuraminidase inhibitors are effective only in the first few days after disease onset and are of little use in patients with severe complications occurring at later times, such as acute lung injury. In these patients, in contrast, it would seem logical to target the cytokine and inflammatory responses that are responsible for the accumulation of cells and fluids in the alveolar space. Currently, however, this strategy remains challenging since we have not yet been able to clearly identify features in the immune responses that can be suppressed without compromising their beneficial, host-protective effect. Accomplishing this task, however, is not impossible and promising results have been obtained in dissecting out detrimental versus protective mechanisms. For example, completely blocking proximal events in the immune response (such as the activation of the pathogen recognition receptors involved in the IFN response) seems unwise, given their general role in orchestrating host defences. In contrast, more limited and specific effector arms, such as the production of oxygen radicals, NET formation and IL-17 production may represent viable targets. Finally, more research is needed to understand the temporal features of the pro-inflammatory response to influenza in relation to the timing of therapeutic interventions.
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